Unipolar resistive switching behaviors including bistable memory switching and monostable threshold switching were found in ZrO 2 thin films fabricated by a simple sol-gel method with the Ti/ZrO 2 /Pt structure. The multilevel resistive switching behaviors were also revealed by varying the compliance current from 9 to 38 mA. Physical mechanisms based on a conductive filament model were proposed to explain the resistive switching phenomena and the device breakdown. A figure of merit Z ¼ a = f was defined as a criterion for evaluating OFF/ON resistance ratio, where f and a represent the resistivities of the conductive filament and the fracture region of the filament, respectively. The advantages such as unipolar resistive switching, multilevel resistive switching, good scalability, low operation voltage (<5 V), high OFF/ON resistance ratio (>10 3 ), nondestructive readout, long retention (>10 4 s), and simple fabrication method make the ZrO 2 -based resistive switching device a promising candidate for next-generation nonvolatile memory applications. #
Introduction
Nonvolatile memories (NVMs) have become a key part of modern information technology devices since they were invented by Kahng and Sze at Bell Labs in 1967. 1, 2) Nowadays, they are widely used in portable devices such as cell phones, digital cameras, tablet personal computers, and notebook computers. However, conventional NVMs such as the charge-storage-based FLASH memories will meet their physical limitations as the devices are scaling down. [3] [4] [5] To overcome this bottleneck, several emerging memories including magnetic random access memory (MRAM), ferroelectric random access memory (FRAM), phase-change random access memory (PRAM), and resistive random access memory (RRAM), have been proposed as candidates for next-generation memories. 6, 7) Among these novel devices, the RRAM that is composed of a simple metal-insulator-metal (M-I-M) capacitor structure has been intensively studied because of its merits of low power consumption, low-voltage and high-speed operation, high endurance, long retention, high packing density, nondestructive readout, and low cost. [3] [4] [5] Resistive switching is a universal phenomenon arising in conductor/nonconductor/conductor system upon application of proper electrical voltage or current signals. 6, [8] [9] [10] Resistive switching can be either bistable memory switching or monostable threshold switching. 11, 12) On the basis of polarity, it can be classified into three modes: unipolar, bipolar, and nonpolar switching. 7, [13] [14] [15] Unipolar (or nonpolar) memory switching has special importance because it can be used to design high-density cross-bar RRAM devices by employing the one diode and one resistor (1D1R) architecture, which is believed to be a promising memory concept. 16, 17) Nonconducting materials including both organic and inorganic materials have demonstrated good switching properties, 6) such as organic materials (small organic semiconducting molecules, polymers and composites containing nanoparticles), 18) 24, 50) Therefore, the unipolar resistive switching in binary oxides is more attractive and valuable for developing high-performance RRAM devices.
Research on RRAM mainly focuses on six aspects: 1) switching mechanisms, 2) switching materials, 3) switching characteristics, 4) electrodes, 5) device structures, and 6) fabrication methods. Up to now, magnetron sputtering, [3] [4] [5] 13, 15, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [50] [51] [52] [53] [54] [55] pulsed laser deposition (PLD), [19] [20] [21] 43, 49) plasma oxidation, 41) atomic layer deposition (ALD), 44) metallorganic chemical vapor deposition (MOCVD), 45) thermal oxidation, 47) laser molecular beam epitaxy (laser MBE), 56) physical vapor deposition (PVD), 57) and sol-gel 58, 59) methods have been used to fabricate switching materials in RRAM devices. Among these techniques the sol-gel method has some advantages: simple fabrication, low cost, and low-temperature process. Recently, both unipolar and bipolar switching behaviors have been observed and studied in ZrO 2 -thin-film-based RRAM devices. However, the ZrO 2 thin films were mostly deposited by a radio-frequency (RF) magnetron sputtering. In this work, the unipolar resistive switching of a Ti/sol-gel ZrO 2 / Pt structure was investigated for RRAM applications. A conductive filament (CF) model was proposed to explain the switching mechanism. The multilevel resistive switching behaviors were observed by varying compliance current. The CFs had two different behaviors in the low-and highcompliance-current ranges, respectively. Furthermore, the formation of a CF network was proposed to explain the breakdown mechanism.
Experimental Procedure
80-nm-thick ZrO 2 thin films were deposited on Pt/Ti/ SiO 2 /Si substrates by a simple poly(vinyl alcohol) (PVA) sol-gel route. The starting materials were zirconium acetate [Zr(CH 3 COO) 4 ] in dilute acetic acid (Aldrich 413801), PVA (average molecular weight, 2000), and distilled water. PVA is used because it is an environmentally friendly material. The typical procedure is shown in Fig. 1 . For electrical measurements, disk-shaped Ti electrodes were fabricated on the top of the ZrO 2 thin films using e-gun at the same thickness of 100 nm and three different diameters (150, 250, and 350 m). Unless otherwise specifically stated, all the top electrodes of the devices used in the experiments have a diameter of 350 m. Current-voltage (I-V ) curves were measured using an Agilent 4155C semiconductor parameter analyzer at room temperature. The Ti top electrode was grounded and a positive bias voltage V s was applied on the Pt bottom electrode.
Results and Discussion
X-ray diffraction patterns show that the ZrO 2 thin film has a polycrystalline structure (Fig. 2) . The as-deposited ZrO 2 thin film is an insulator; however, during the forming process, when a forming voltage, V form of 10.5 V was applied, there was a sudden increase in current [ Fig. 3(a) ], indicating that a conducting path was created in it. During the forming process, a compliance current (I comp ) of 3 mA was applied to prevent the device from breaking down. After the forming process, the device was switched from the high-resistance state (HRS or ''OFF'' state) to the low-resistance state (LRS or ''ON'' state), which can also be called the first SET process. Thereafter, as V s swept again in the same positive direction, the RESET process happened at 2.8 V (RESET voltage, V reset ) with I reset ¼ 40 mA (RESET current) where the ON state was switched to the OFF state. During the subsequent cycles, the switching between the OFF and ON states occurred alternatively by applying V set (SET voltage) and V reset . It should be noted that only the SET process needs compliance current. In the RESET process, compliance current is never applied. Because both the OFF and ON states can be maintained without any bias, they are both nonvolatile memory states. During the switching processes the bias direction keeps unchanged; therefore, the switching is unipolar. The ratio r ¼ R off =R on is as high as 2:19 Â 10 3 at 0.3 V read voltage (V read ), where R off and R on are the OFF and ON state resistances, respectively. The inset in Fig. 3(a) shows the top electrode area dependence of R off , R on , and r. R off decreases as the area increases, while R on is nearly independent of the area, indicating that the conducting path is localized rather than uniform, which can be called CF. Owing to the CF mechanism, r increases with decreasing area. In fact, under a high electrical field applied to ZrO 2 thin films, the oxygen ions will migrate towards the bottom electrode 13) and oxygen vacancies will connect to each other to form the CF, which is the micromechanism of the forming (SET) process [ Fig. 3(b) ]. For the RESET process, it is the Joule heating that provides the energy for oxygen ions to recombine with oxygen vacancies, as a result the CF ruptures [ Fig. 3(b) ]. Here, although the CF usually has an irregular shape, we study the CF assuming a line shape for simplicity. Besides such size-dependent properties, other switching properties of RRAM can also be enhanced as the area decreases, such as increased stability and decreased working current and variation, which make the Mole law still effective; however, for conventional memory devices such as DRAM and FLASH, the Mole law will not work because they are approaching their physical limitations. 60) Figure 4 shows typical stress test results. During the stress test, a small 10 mV V read was applied every 10 s for a total of 1:08 Â 10 4 s. It can be seen from the figure that both R off and R on are stable, and between them a clear ratio window exists. Initially, as t increases, R off increases steadily owing to a slow recombination of oxygen ions and oxygen vacancies. At 10,340 s, there is a sudden increase in R off , indicating the occurrence of an obvious recombination; although thereafter R off decreases owing to the migration of oxygen vacancies, it remains high, which ensures the high OFF/ON resistance ratio. For R on on the other hand, at the beginning it is stable, but immediately after, it shows a small but sudden increase at 140 s owing to an obvious recombination, and then it remains nearly unvaried, showing a high stability. Taken together, although there are some variations, both R off and R on maintain a clear ratio window (r w ¼ 24Â) for more than 10 4 s, which demonstrated that their nondestructive readout properties are stable against read operation.
Another interesting phenomenon is that in some samples a monostable threshold switching can be observed besides the bistable unipolar memory switching [ Fig. 3(c) ]. Firstly, a reproducible bistable memory switching was measured [inset in Fig. 3(c) ]. Secondly, the ON state was subjected to a stress test at a low 50 mV V read applied every 10 s for a total of 1:08 Â 10 4 s. Thereafter, it was found that the device only shows a monostable threshold switching in the first four cycles (labeled as 1st-4th). In the 1st cycle the device was switched ON with I comp ¼ 6 mA; however, the ON state could not be maintained when the power was turned off and the 2nd cycle started in the OFF state. It was the same for the 3rd and 4th cycles. This is the monostable threshold switching: the ON state is not stable and always switches to the OFF state when the power is turned off. It is suggested that oxygen vacancy concentration could play a key role in determining the switching behaviors. If the concentration is high, the CF will be thick and the ON state will be stable; however, the RESET process will consume more electrical energy. On the other hand, at a low concentration, the CF will become weak and can rupture easily; therefore, bistable switching can become monostable switching or even nonswitching. We assume that in such a sample there is a relatively low oxygen vacancy concentration, and at a low V read the recombination between oxygen ions and oxygen vacancies occurs and the CF ruptures. Since the fracture region is very thin, even a low V read can generate a relatively high electrical field to drive the oxygen ions to migrate from the Ti top electrode towards the thin fracture region and accumulate; eventually, a fracture region with a high oxygen ion concentration forms [ Fig. 3(d) ]. Afterwards, as the electrical field increases, in the fracture region there is a competition between the separation and recombination of oxygen ions and oxygen vacancies, which leads to some fluctuations in the ''A'' part of the 1st cycle. As the electrical field is reasonably high, the recombination is dominant and a flat level (''B'' part) appears; as the electrical field is higher then, because now the oxygen ion concentration in the sink (interface layer) is low, oxygen ion migration becomes slow, and soft breakdown occurs in the fracture region, and the ON state is achieved finally. That is, oxygen ion concentration decreases to some degree during each switching cycle owing to the migration of oxygen ions, which decreases V set as the number of switching cycles increases; therefore, the monostable threshold switching behavior is maintained.
The influence of I comp on the switching properties was investigated by measuring I-V curves. Figure 5 (a) shows that as I comp increases the Ti/ZrO 2 /Pt device demonstrates multilevel resistive switching behaviors. The multilevel resistive switching works well in a broad range of compliance currents from 8 to 38 mA, indicating that the device has a high stability against high currents. The device breaks down above 38 mA. Figure 5(b) shows that both R on and R off decrease as I comp increases. However, R off decreases much faster than R on : R off decreases more than two orders of magnitude (from 1:38 Â 10 5 to 1:12 Â 10 3 ), while R on only decreases from 153 to 60 . As a result, r decreases as I comp increases. R on , R off , and r all demonstrate multilevel properties. The CF model can be used to explain the phenomena caused by I comp . Figure 6 shows the equivalent resistances of R off and R on . R f is the resistance of the CF, and R r is the resistance of the remaining part except the CF in the ZrO 2 thin film. If we ignore R r and only consider the CF, we obtain r ¼ ðR
, where a ðl a Þ, f , l b , l, and S are the resistivity (length) of the fracture region of the CF, the resistivity of the CF, the length of the residual CF, and the length and cross-sectional area of the CF, respectively. Using l ¼ l a þ l b and 0 l b < l, we obtain 0 l b =l < 1. The fracture region is located immediately under the Ti top electrode. Because the concentration of oxygen vacancies in the Ti/ZrO 2 interface layer and the top layer of the ZrO 2 thin film is high, the oxidation can occur easily. Note that usually r is much higher than 1; therefore, by ignoring l b =l we obtain
As I comp increases, the diameter of the CF increases; therefore, both R off and R on will decrease. However, from Eq. (1) it can be seen that r is independent of S. Furthermore, since 0 < l a =l 1, r is mainly attributed to a = f . Considering the important status of a = f , we define a new parameter, Z ¼ a = f , as the figure of merit for evaluating r, and Eq. (1) can be written as r ¼ Zl a =l. Z > r, Z can be estimated by measuring r. For the ZrO 2 -based switching device, Z is higher than 10 3 . Table I shows a summary of Z-values of different switching materials. As I comp increases further, more oxygen vacancies will exist in the fracture region; thus a will decrease. On the other hand, the thicker CF is not easily broken; therefore, the residual CF will become longer in the OFF state, i.e., l a will decrease. During the switching processes, both f and l are constants; therefore, decreasing a and/or l a can decrease r. Furthermore, as I comp increases, R r will decrease because more oxygen vacancies will be created in the thin film by the highJoule heating, which can be another important factor that increases the conductivity of the device. Figure 7 shows the relationship between R off and R on at various I comp values, i.e., the figure shows a phase diagram of R off , R on , and I comp . It can be seen that R off decreases monotonically with R on , which can be divided into three regions on the basis of I comp ¼ 15 and 38 mA (note that as I comp increases, R on decreases): linear region (I comp < 15 mA), nonlinear region (15 I comp 38 mA), and breakdown region (I comp > 38 mA). The relationship between the OFF and ON state electrical conductances (G off and G on ) demonstrates the linear and nonlinear regions more clearly, as shown in the inset of Fig. 7 . Furthermore, the inset of Fig. 5(b) shows that the I reset -I comp relationship is also divided into two regions on the basis of I comp ¼ 15 mA. These findings reflect the key role of I comp in switching characteristics. The above discussion is mainly limited to the CF, and now we consider the whole thin film. When I comp is small (<15 mA), there are few CFs (or only one single CF). Because the number of CFs is small, the CFs are separated from each other, so the switching properties are only determined by the CFs rather than the remaining part of the thin film, that is the linear region [ Fig. 8(a) ]; for I comp ¼ 15 mA, the number of the oxygen vacancies increases and more CFs form, as a result, some CFs begin to connect with each other, which makes the transport behavior of the film start to show an essential change [ Fig. 8(b) ]; for I comp > 15 mA, high-Joule heating generates large quantities of CFs, which connect to each other to form a complex-connected CF network, and eventually a new different transport behavior is achieved -that is, the nonlinear region [ Fig. 8(c) ]; for I comp > 38 mA, the CF network becomes more conductive and generates more Joule heat at such a high current, and eventually the device breaks down. Compared with the nonlinear region, the linear region is more suitable for memory device applications owing to its low current (low power) and high OFF/ON resistance ratio, and being far from hard breakdown region, which are very important for designing highly sable and reproducible devices. Consequently, it is very important to control and adjust the critical linear-nonlinear transition point of I comp to obtain a proper working range of I comp values. The influence of I comp can also be understood from the inset of Fig. 7 . It shows that G off increases nearly linearly with G on , which can be denoted as G off ¼ kG on þ c, where both k and c are constants. However, k has two different values, k 1 ¼ 1:15 Â 10 À2 and k 2 ¼ 1:96 Â 10 À1 , for I comp < 15 mA and I comp > 15 mA, respectively. k 2 =k 1 ¼ 17 indicates G off depends strongly on G on at high I comp since large quantities of CFs are created, and a rapid increase in G off occurs, which finally leads to the device breakdown. For low I comp , because of a small number of CFs, G off depends weakly on G on . It should be noted that although device breakdown is harmful for bistable memory switching, it may have some useful applications, e.g., it can be used to design read-only memory (ROM).
Summary and Conclusions
We successfully fabricated the Ti/ZrO 2 /Pt resistive switching devices by a simple sol-gel process. In the ZrO 2 -based resistive switching devices, unipolar resistive switching behaviors including bistable memory and monostable threshold switching were measured. The device exhibiting a multilevel resistive switching under different current compliances was studied. As the compliance current increases, the relationship between R off and R on shows three successively regions -the linear, nonlinear, and breakdown regions. To achieve stable switching properties, the resistive switching devices should work in the linear region. Physical mechanisms based on the CF model are responsible for the resistive switching phenomena and the device breakdown. The figure of merit Z of the ZrO 2 -based switching device is higher than 10 3 . In this study, the memory device with good properties such as unipolar resistive switching, multilevel resistive switching (at least six levels), good scalability, low operation voltage (<5 V), high OFF/ON resistance ratio (>10 3 ), nondestructive readout, long retention (>10 4 s), and simple fabrication method is fabricated. Such a ZrO 2 -based switching device has promising applications in next-generation nonvolatile memory. 
